Introduction 41
Over 400 million hectares of tropical forest are designated as logging concessions (Asner et 42 al., 2009 ), making selective logging -the removal of selected trees from a stand -one of the most 43 widespread human disturbances in tropical forests (Asner et al., 2009 ). Tropical logging produces 44 approximately one eighth of global timber (Blaser et al., 2011) and is an important contributor to 45 many local and national economies. However, logging can have negative impacts on biodiversity 46 (Berry et al., 2010 ) and lead to increased carbon emissions (Bryan and Shearman, 2010 ; Nepstad et 47 undisturbed forest and one logged forest site; (ii) sites should have spatially replicated measures of 110 the metrics of interest in both logged and unlogged sites with at least three plots present in each. 111
This rule was relaxed for the studies of residual stand damage since very few were replicated or had 112 comparisons with unlogged sites; (iii) logged sites could not be affected by multiple disturbance 113 types, such as fire; and (iv) studies were carried out in terrestrial forests, excluding mangroves. 114
For articles that measured changes in biomass or species richness we extracted the mean, 115 standard deviation and sample size of metrics in both logged and unlogged forests. For studies of 116 forest damage we extracted the mean of each metric used to assess damage. We also recorded the 117 geographic location (latitude and longitude), region (Americas, Africa, or Asia), method of logging 118 used (RIL or conventional selective), the number of years since logging, and volume of wood 119 extracted (m 3 ha -1 ) and/or number of trees felled per hectare. For sites that had been logged twice, 120
we calculated logging intensity as the sum of the volume extracted over both cycles, following 121
Edwards et al (2013) . For details of studies used see the supplementary materials. 122
123

Statistical Analysis 124 125
Calculation of metrics of damage and intensity 126
Prior to analysis we standardised metrics of stand damage and logging intensity. Metrics 127 used to measure residual stand damage fall into two groups: tree-based measurements and area-128 based measurements (Picard et al., 2012) . While tree-based measures attempt to identify the number 129 or proportion of trees damaged per hectare or per tree felled, area based measurements aim to 130 identify the area or proportion of total area of plots in which trees have been damaged. Conversion 131 between the two types of metric is difficult since they show non-linear relationships (Picard et al., 132 2012) , so for this study we concentrated on studies that directly measured damage of trees. 133
We used the proportion of residual trees damaged after logging as our metric of stand 134 damage. Following Picard et al. (2012) we used linear mixed models to determine the relationship 135 between the number of trees damaged per hectare and the proportion of residual trees damaged 136 where both had been measured. The continent on which studies were undertaken was included as an 137 interaction in these models since forest stem density and tree size varies considerably across the 138 tropics (Slik et al., 2013) , and therefore the slopes of these relationships could be expected to vary 139 by continent. This model was then used to predict the proportion of residual trees damaged in 140 studies where such data were not directly available. A similar process was undertaken to convert 141 metrics of logging intensity to the metric used in this study, m 3 wood removed ha -1 . The number of 142 trees harvested per hectare was the only other metric commonly used and therefore a linear mixed 143 model of the relationship between this variable and the volume of wood removed was produced, 144 accounting for continent level differences in this relationship. Where data on volume of wood 145 removed were not available from a study values were imputed using coefficients from this model. 146
All of these models used a Gaussian error distribution. 147
148
Impacts of logging on damage, biomass loss and species richness 149
To determine the effect of logging intensity and different logging methods on the proportion 150 of residual trees damaged, an unweighted linear mixed model was used. Prior to model fitting the 151 response variable was logit transformed so that values were strictly constrained between 0 and 1 152 (Warton and Hui, 2011) . Random effects were used to identify data from the same study since their 153 responses are likely to be more similar to each other than those of forests from different studies. We 154 tested how logging volume affected the proportion of residual trees damaged, and whether logging 155 method changed the slope of this relationship. Previous work by Picard et al. (2012) suggested that 156 the relationship between logging damage and intensity is non-linear and so models with quadric and 157 log terms were also tested. R 2 statistics were obtained using the method of Nakagawa and 158
Schielzeth (2013). 159
For the analysis of the impact of logging intensity and logging method on changes in above-160 ground biomass and species richness, a weighted approach was used. Where standard errors of the 161 mean were missing from studies, they were estimated using imputation methods (Koricheva et al., 162 2013) which are likely to bias results less than excluding studies with incomplete information 163 (Nakagawa and Freckleton, 2008) . To achieve this, the relationship between the coefficient of 164 variation for logged and unlogged sites for tree richness or biomass and plot size at which data were 165 collected was estimated using linear models. The literature on human-disturbed forests suggests that 166 smaller sampling plots result in greater between-sample variation and therefore higher coefficients 167 of variation, indicating that this approach is empirically supported (Wagner et al., 2010) . 168
Unweighted linear models were then used to predict the coefficient of variation for studies missing 169 these data, and missing standard deviations were calculated by multiplying this prediction by the 170 value of richness or biomass measured at the site. 171
To analyse the effects of logging on carbon pools and tree species richness, the log response 172 ratio of differences between sites was calculated and models were weighted so that more precise 173 studies had more weight (Borenstein et al., 2009; Hedges et al., 1999) . We fitted a random effects 174 meta-regression to account for pseudo-replication at the level of individual studies when the same 175 unlogged site was used as a comparator for multiple logged sites. In the analyses of richness, 176 estimation method (rarefied or not rarefied) was included as a random effect since this has been 177
shown to cause between-study differences in the past (Cannon et al., 1998; Gotelli and Colwell, 178 2001), but the nature of any difference was not a focus for this study.
We tested the effects of logging method and logging intensity in determining post-logging 180 biomass and changes in tree species richness. It is also possible that the time since a site was last 181 logged and the location of study may play a role in determining logging impacts (Burivalova et al., 182 2014) and so these variables were also included in models. All plausible models that had >3 data 183 points per parameter were assessed and R 2 values were calculated (see supplementary materials for 184 details of all models tested). 185
In model selection AICc was used to determine the relative likelihood of a model being the 186 "best model". All models of tree damage with a ΔAICc<7 were averaged to produce coefficient 187
estimates ( 
Results
195
The systematic review yielded 62 studies, from which we extracted data on residual tree 196 damage from 38 sites, and 43 and 9 paired, replicated sites that measured biomass and tree species 197 richness respectively. Median logged-site age for those sites where biomass was measured was 4.5 198 years (min=0, max=30) and for sites where richness was measured it was 5 years (min=0, max=50). the 95% confidence intervals of these estimates. Red points and lines refer to sites where 217 conventional harvest methods were used and blue points and lines where RIL techniques were used. 218
For details of alternative models considered see Table S1 . 219 220
Residual stand damage 221
The model that best explained the proportion of residual tree stems that were damaged 222 included an interaction between the logarithm of logging intensity and the logging method 223 (R 2 =0.45). No other models had a ΔAICc <7 (Table S1 ). Predictions suggested that damage to the 224 residual logging stand increased as a function of the logarithm of the logging intensity (Figure 2) . 225
This model also suggested that at low logging intensities, RIL tended to cause less residual damage 226 than conventional logging, but at high intensities the two methods became more similar in the 227 residual damage that they caused (Figure 2) . However, the 95% confidence intervals for predictions 228 were very wide indicating large variation in damage on residual tree stems for both methods. indicates when there is no difference between logged and unlogged sites. Note that RIL sites tend to 236 be logged at a lower intensity than conventionally logged sites. For details of alternative models 237 considered see Table S2 . 238
239
Impacts of logging intensity and method on biomass and species richness 240
Increased logging intensity led to reduced post-logging biomass and the slope of this 241 relationship differed between RIL and conventional methods (Figure 3 , Table S2 ). The model 242 explaining variation in biomass effect size with greatest support (R 2 =0.96, Table S2) difference between logged and unlogged sites. For details of alternative models considered see 256 Table S3 . 257
258
The model that explained variation in tree species richness effect size most effectively 259 suggested a negative relationship with intensity of logging, with a positive intercept (Figure 4 , Table  260 S3). Only one other model had a ΔAICc<7 that included intensity and intensity squared, and the 261 most parsimonious model had an R 2 of 0.36. Too few studies assessed the impact of RIL on species 262 richness to conduct an analysis of its effect relative to conventional logging. Our results indicate that the impacts of selective logging in tropical forests on residual stand 266 damage, biomass loss and species richness change are largely explained by differences in logging 267 intensity. Residual tree damage also appears to be reduced at lower intensities under RIL when 268 compared to conventional logging. However the effect of RIL on biomass loss was difficult to 269 assess owing to the confounding effects of differences in logging intensity. 270 271 272
Impacts of logging on stand damage and biomass 273
Our meta-analysis indicates that logging intensity is the primary driver of differences in 274 non-target tree damage in selectively logged tropical forests, as previously noted in other studies 275 We find weak support for the hypothesis for a difference between the impacts of RIL and 303 conventional selective logging on post-logging biomass. Although models suggested a difference in 304 the relationship between logging intensity and biomass loss for RIL and conventional logging this is 305 driven by relatively few data points (Figure 3, n=7 for RIL) . This lack of data from studies of RIL 306 and the relatively low logging intensities at which RIL is carried out when compared to 307 conventional selective logging make firm conclusions about this relationship difficult ( Figure S3) . 308
Unless studies of RIL are carried out at a similar range of intensities to conventional selective 309 logging its potential carbon benefits, aside from those resulting from lower logging intensities, are 310 almost impossible to assess. 311
312
Impacts of logging on species richness 313
As for above-ground biomass, logging intensity best explained differences in tree species 314 richness caused by logging. However, compared to above-ground biomass, the slope of this 315 relationship was much less steep, with an apparent initial increase in species richness at low 316 intensities. The most plausible explanation for this increase is an influx of generalist species from 317 surrounding non-forest areas (Carreño-Rocabado et al., 2012) leading to an initial post-harvest 318 increase in richness. Similar relationships have recently been observed between logging intensity 319 and bird species richness, while other vertebrates showed a decline even at low intensities 320 (Burivalova et al., 2014) . 321
Our results suggest that tree species richness may be relatively insensitive to subtle changes 322 in forest cover (Cannon et al., 1998) . However, changes in species richness provide no information 323 about the identity and function of individual species. Community composition is likely to be 324 impacted by selective logging, with forest-dependent species sensitive to disturbance becoming less 325 abundant or locally extinct (Sheil et al., 1999) and generalist species increasing in abundance 326 (Baraloto et al., 2012; Gourlet-Fleury et al., 2013a) . However, analysis of logging impacts on 327 community composition is hindered because most studies of logging are spatially pseudoreplicated, 328 leading to biased estimates of change (Ramage et al., 2013) . 329
330
Improving assessments of logging intensity and damage 331
Our analyses support conclusions by others (Bicknell et al., 2014; Burivalova et al., 2014 ) 332 that consideration of logging intensity is vital to understand the impact of logging on biodiversity 333 and above-ground biomass. However, it can be difficult to obtain statistics on the volume of wood 334 removed from an area, and when such data are available they are often only available as a mean 335 volume removed per hectare for the entire study area. For individual studies, identification of the 336 importance of logging intensity is extremely difficult. To solve this, the use of metrics of logging 337 intensity such as basal area logged ha -1 may prove fruitful. Previous studies have used such metrics 338 to examine the importance of logging intensity in biomass recovery rates (Mazzei et al., 2010) . This 339 has the advantage of allowing an estimate of logging intensity at the plot scale, allowing for more 340 nuanced analyses of logging impacts than is currently possible. 341
A wide variety of different measures is used to assess residual logging damage in selectively 342 logged forest stands (Picard et al. 2012) , fostered by different objectives and hypotheses. We used 343 coefficients to convert between different measures to maximise the value of available data, but this 344 method inevitably introduced additional uncertainties into our analyses. Synthesis would be aided 345 by standardisation of metrics. We suggest the use of standardised metrics when assessing tree 346 damage and recommend that assessments of damage should be carried out at the level of individual 347 trees rather than assessing the proportion of area affected by logging activities. We also suggest that 348 future studies should report the proportion of basal area that is damaged to provide additional 349 information of logging impacts on forest biomass . Furthermore, stratification of logging damage by 350 tree size class would allow an assessment of its potential demographic effects and would therefore 351 aid our understanding of the recovery of logged forests. better outcomes for tropical forest species than low-intensity extensive timber extraction ("land 379
sharing") in Borneo (Edwards et al., 2014) . This sparing/sharing framework may prove useful to 380 assess the potential value of differing land-use strategies in landscapes used to provide ecosystem 381 services such as food and timber. 382
Although reductions in logging intensity may reduce impact, the high demand for timber 383 requires novel solutions that do not drastically reduce current yields but reduce impacts on forest 384
ecosystems. Methods such as silvicultural thinning techniques to remove pioneer species may aid 385 recovery of floral community composition, carbon and timber stocks but further work is needed to 
